Background/Aims: Resveratrol is a polyphenol enriched in the skins of grapes and berries, that shows various beneficial effects for human health. In the present study, we investigated the mechanism behind the epidermal growth factor (EGF)-induced migration of osteoblastlike MC3T3-E1 cells, and the effect of resveratrol on this cell migration. Methods: The cell migration was examined using Boyden chamber, and phosphorylation of each kinase was analyzed by Western blotting. Results: The EGF-induced migration was suppressed by PD98059, an inhibitor of MEK1/2, as well as SB203580, an inhibitor of p38 MAP kinase, SP600125, an inhibitor of SAPK/JNK, and deguelin, an inhibitor of Akt. In contrast, rapamycin, an inhibitor of upstream kinase of p70 S6 kinase, and fasudil, an inhibitor of Rho-kinase, hardly affected the migration. Resveratrol significantly reduced the EGF-induced migration in a dose-dependent manner. SRT1720, an SIRT1 activator, suppressed the migration by EGF. In addition, resveratrol markedly attenuated the EGF-induced phosphorylation of SAPK/JNK and Akt without affecting the phosphorylation of p44/p42 MAP kinase or p38 MAP kinase. The phosphorylation of SAPK/JNK and Akt induced by EGF was down-regulated by SRT1720. Conclusion: Our results strongly suggest that resveratrol reduces the EGF-stimulated migration of osteoblasts via suppression of SAPK and Akt, and that the inhibitory effect of resveratrol is mediated in part via SIRT1.
Introduction
It is firmly established that bone metabolism is strictly regulated by two types of functional cells [1, 2] , with osteoblasts responsible for bone formation and osteoclasts for bone resorption. Bone tissue is continuously regenerated through a process known as a bone remodeling. The bone remodeling process begins with osteoclastic bone resorption followed by osteoblastic bone formation, and bone mass is appropriately maintained by the sophisticated coupling performance of osteoblasts and osteoclasts. The impairment of bone remodeling leads to metabolic bone diseases such as osteoporosis. The migration of osteoblasts is recognized as important for many processes essential to physiological bone metabolism, including bone remodeling and responses to mechanical loading [1, 3, 4] . However, accumulating evidence suggests that osteoblast migration is also crucial for bone pathological processes, such as the impairment of bone fracture repair and tumor metastasis [5] . Numerous humoral factors, such as epidermal growth factor (EGF), play essential roles in bone metabolism [3, 4, 6] . Regarding the effects of EGF on osteoblasts, EGF reportedly stimulates the proliferation [7, 8] but inhibits the differentiation [9, 10] . As for osteoblast migration, it has been shown that EGF promotes the migration of osteoblasts [11] . However, the details of the mechanism underlying EGF-induced migration of osteoblasts remain to be clarified.
Polyphenols are found in foods such as fruits and possess beneficial properties for human health through anti-oxidative, anti-inflammatory and anti-tumor effects [12, 13] . Among polyphenolic compounds, resveratrol which is enriched in red grapes and berries delays the aging process, extends the lifespan and reduces the risk of numerous degenerative diseases [14, 15] . The French population reportedly tends to smoke and take in saturated fatty acids in meals, however, the rate of cardiovascular events in this population is relatively low, probably due to the high consumption of wine containing abundant resveratrol [16] . A study on the relationship between wine and bone health recently showed that women, who preferentially consume wine, have a lower risk of hip fracture than non-drinkers, past drinkers and those with other alcohol preferences [17] . With regard to the molecular mechanism of resveratrol, it has been demonstrated that several effects of resveratrol are exerted through SIRT1, improving the cellular function and organismal health by binding to nicotinamide adenine dinucleotide (NAD+)-dependent deacetylase and enhancing its activity [18] . NAD+ is biosynthesized in human as a precursor in nicotinamide and has a crucial role as a coenzyme of oxidoreductase in energy acquisition. However, the exact mechanism underlying how resveratrol affects bone metabolism has not yet been elucidated.
In the present study, we investigated the mechanism behind the EGF-induced migration of osteoblast-like MC3T3-E1 cells, and the effect of resveratrol on the migration. We herein demonstrate that resveratrol inhibits EGF-induced migration of MC3T3-E1 cells through the down-regulation of SAPK/JNK and Akt and that the suppression by resveratrol is mediated in part via SIRT1 activation.
Materials and Methods

Materials
EGF was purchased form R&D System, Inc. (Minneapolis, MN). Resveratorol, SRT1720, PD98059, SB203580, SP600125, deguelin, rapamycin and fasudil were obtained from Calbiochem-Novabiochem Co. (La Jolla, CA). Phospho-specific p44/p42 MAP kinase antibodies, p44/p42 MAP kinase antibodies, phospho-specific p38 MAP kinase antibodies, p38 MAP kinase antibodies, phospho-specific SAPK/JNK antibodies, SAPK/JNK antibodies, phospho-specific Akt antibodies, Akt antibodies, phospho-specific p70 S6 kinase antibodies, phospho-specific MYPT1 antibodies and MYPT1 antibodies were purchased from Cell Signaling Technology, Inc. (Beverly, MA). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) antibodies were obtained from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA). An ECL Western blotting detection system was obtained from GE Healthcare UK, Ltd. (Buckinghamshire, UK). Other materials and chemicals were obtained from commercial sources. Resveratrol, SRT1720, PD98059, SB203580, SP600125, deguelin, rapamycin or fasudil were dissolved in dimethyl sulfoxide. The maximum concentration of dimethyl sulfoxide was 0.3%, which did not affect the cell migration assay. Cell culture Cloned osteoblast-like MC3T3-E1 cells derived from newborn mouse calvaria [19] were maintained as previously described [20] . Briefly, the cells were cultured in a-minimum essential medium (a-MEM) containing 10% fetal bovine serum (FBS) at 37°C in a humidified atmosphere of 5% CO 2 /95% air. The cells were seeded into 90-mm diameter dishes (2 × 10 5 cells/dish) in a-MEM containing 10% FBS. After 5 days, the medium was exchanged for a-MEM containing 0.3% FBS. After 48 h, the cells were used for a Western blot analysis. For the cell migration assay, the cultured cells in a-MEM containing 10% FBS for 3 days were sub-cultured in a-MEM containing 0.3% FBS for 6 h and then used for the experiment.
Cell migration assay A cell migration assay was performed as described previously according to Karagiosis [21] using a Boyden chamber (polycarbonate membrane with 8-µm pores, Transwell Corning Costar Corp, Cambridge, MA). Briefly, the cultured cells were trypsinized and seeded (1 × 10 5 cells/well) onto the upper chamber in a-MEM containing 0.3% FBS. Various doses of EGF were added to the lower chamber and incubated at 37°C for 16 h. The cells on the upper surface of the membrane were mechanically removed. The migrated cells adherent to the underside of the membrane were fixed 4% paraformaldehyde and stained with 4',6-diamidino-2-phenylindole (DAPI) solution. The migrated cells were photographed and counted using fluorescent microscopy at a magnification of 20x by counting the stained cells from three randomly chosen high-power fields. When indicated, the cells were pretreated with resveratrol, SRT1720, PD98059, SB203580, SP600125, deguelin, rapamycin or fasudil in the lower chamber for 60 min.
Western blot analysis
The cultured cells were stimulated by 50 ng/ml of EGF or vehicle in 1 ml of a-MEM containing 0.3% FBS for the indicated periods. When indicated, the cells were pretreated with resveratrol, SRT1720, PD98059, SB203580, SP600125, deguelin, rapamycin or fasudil in the lower chamber for 60 min. The cells were then lysed, homogenized and sonicated in a lysis buffer containing 62.5 mM Tris/HCl, pH 6.8, 2% sodium dodecyl sulfate (SDS), 50 mM dithiothreitol and 10% glycerol. SDS-polyacrylamide gel electrophoresis (PAGE) was performed by the method of Laemmli [22] in 10% polyacrylamide gels. The protein was fractionated and transferred onto an Immun-Blot PVDF membrane (Bio-Rad, Hercules, CA). The membranes were blocked with 5% fat-free dry milk in Tris-buffered saline-Tween (TBS-T; 20 mM Tris-HCl, pH 7.6, 137 mM NaCl, 0.1% Tween 20) for 1 h before incubation with primary antibodies. A Western blot analysis was performed as described previously [23] using phospho-specific p44/p42 MAP kinase antibodies, p44/p42 MAP kinase antibodies, phospho-specific p38 kinase MAP kinase antibodies, p38 MAP kinase antibodies, phosphospecific SAPK/JNK antibodies, SAPK/JNK antibodies, phospho-specific Akt antibodies, Akt antibodies, phospho-specific p70 S6 kinase antibodies, GAPDH antibodies, phospho-specific MYPT1 antibodies or MYPT1 antibodies as primary antibodies with peroxidase-labeled antibodies raised in goat against rabbit IgG (KPL, Inc., Gaithersburg, MD) being used as secondary antibodies. The primary and secondary antibodies were diluted at 1:1000 with 5% fat-free dry milk in TBS-T. The peroxidase activity on the PVDF sheet was visualized on X-ray film using an ECL Western blotting detection system.
Densitometric analysis
A densitometric analysis of the Western blots was performed using a scanner and image analysis software program (image J version 1.48; National Institutes of Health, Bethesda, MD). The phosphorylated levels were calculated as follows: the background-subtracted signal intensity of each phosphorylation signal was normalized to the respective intensity of total protein or GAPDH and plotted as the fold increase in comparison to that of the control cells treated without stimulation.
Statistical analysis
The data were analyzed by an analysis of variance (ANOVA) followed by Bonferroni method for multiple comparisons between pairs, and p<0.05 was considered to be statistically significant. All data are presented as the mean ± standard error of the mean (SEM) of triplicate determinations from three independent cell preparations.
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Results
Effect of EGF on the migration of MC3T3-E1 cells
EGF reportedly induces the migration of osteoblast-like MC3T3-E1 cells in Matrigel [11] . We found that EGF significantly stimulated the MC3T3-E1 cell migration in a transwell assay using Boyden chamber (Fig. 1) . The effect of EGF was dose-dependent over the range of 1-30 ng/ml (Fig. 1) . The maximum effect of EGF on the migration was observed at 10 ng/ ml (Fig. 1) . Therefore, we performed subsequent migration experiments with 10 ng/ml of EGF. The extracts of the cells were then subjected to SDS-PAGE with a subsequent Western blot analysis using antibodies against phosphospecific p44/p42 MAP kinase, phospho-specific p38 MAP kinase, phospho-specific SAPK/ JNK, phospho-specific Akt, phospho-specific phospho-specific p70 S6 kinase, phosphospecific MYPT1 and GAPDH. The histogram shows the quantitative representations of the EGF-induced levels of phosphorylation of p44/ p42 MAP kinase, p38 MAP kinase, SAPK/JNK, Akt, p70 S6 kinase or MYPT1 obtained from laser densitometric analysis. 
Effects of EGF on the phosphorylation of p44/p42 MAP kinase, p38 MAP kinase, SAPK/JNK, Akt, p70 S6 kinase and MYPT1 in MC3T3-E1 cells
Regarding the intracellular signaling system in the EGF-induced migration, the pathways of PI3K/Akt and p38 MAP kinase have been shown to play a role in the EGF-stimulated migration of intestinal epithelial cells and mesenchymal progenitor cells [24] [25] [26] . It is firmly established that p44/p42 MAP kinase and SAPK/JNK in addition to p38 MAP kinase among the MAP kinase superfamily are central elements used by mammalian cells to transduce the various messages of a variety of stimulators [27] . In our previous study [28] , we demonstrated that Rho-kinase acts as a negative regulator in the EGF-induced migration of colon cancer cells. Additionally, p70 S6 kinase is reportedly implicated in ovarian cancer cell [29] . We found that EGF markedly induced the phosphorylation of p44/p42 MAP kinase, p38 MAP kinase, SAPK/JNK, Akt, p70 S6 kinase and MYPT1, a down-stream substrate of Rho-kinase [30] , in osteoblast-like MC3T3-E1 cells (Fig. 2) . These findings suggest that EGF stimulates the activation of p44/p42 MAP kinase, p38 MAP kinase, SAPK/JNK, Akt, p70 S6 kinase and Rho-kinase in these cells.
Effects of PD98059, SB203580, SP600125, deguelin, rapamycin or fasudil on the EGFinduced migration of MC3T3-E1 cells
To investigate how EGF induces the migration of osteoblast-like MC3T3-E1 cells, we examined the effects of PD98059, an inhibitor of the upstream kinase activating p44/p42 MAP kinase (MEK1/2) [31] ; SB203580, an inhibitor of p38 MAP kinase [32] ; SP600125, an inhibitor of SAPK/JNK [33] ; deguelin, an inhibitor of Akt [34] ; rapamycin, an inhibitor of mammalian target of rapamycin (mTOR) that activates p70 S6 kinase [35] ; and fasudil, an inhibitor of Rho-kinase [30] , on the EGF-induced MC3T3-E1 cell migration. PD98059, SB203580, SP600125 and deguelin, which alone had little effect on the migration, significantly reduced the EGF-induced cell migration (Figs. 3A, 3B, 3C and 3D) , whereas rapamycin and fasudil failed to affect the cell migration (Figs. 3E and 3F ). In addition, we found that PD98059, SB203580, SP600125, deguelin, rapamycin and fasudil each acted as an inhibitor of their respective targets in these cells (Figs. 4A, 4B , 4C, 4D, 4E and 4F).
Effect of resveratrol on the EGF-induced migration of MC3T3-E1 cells
Resveratrol is generally known as a natural polyphenol abundantly found in grape skins and red wine [14] , and it has recently been shown that women, who preferentially consume wine, have a lower risk of hip fracture [17] . Therefore, we examined whether or not resveratrol affects the EGF-induced migration of osteoblast-like MC3T3-E1 cells. Resveratrol, which alone had little effect on the cell migration, significantly reduced the EGF-induced migration of MC3T3-E1 cells (Fig. 5) . The suppressive effect of resveratrol was dose-dependent over the range of 0.1-10 µM.
Effect of SRT1720 on the EGF-induced migration of MC3T3-E1 cells
It has been reported that the several effects of resveratrol are dependent on SIRT1 activation [18, 36] . Therefore, we examined whether or not SRT1720, an SIRT1 activator [37] , affects the EGF-induced migration of osteoblast-like MC3T3-E1 cells. SRT1720, which alone hardly affected the cell migration, significantly reduced the EGF-induced cell migration in a dose-dependent manner over the range of 0.1-3 µM (Fig. 6) . 
Effects of resveratrol on the EGF-induced phosphorylation of p44/p42 MAP kinase, p38 MAP kinase, SAPK/JNK or Akt in MC3T3-E1 cells
In order to clarify the mechanism behind the inhibition by resveratrol of the EGF-induced MC3T3-E1 cell migration, we next examined the effect of resveratrol on the EGF-stimulated phosphorylation of p44/p42 MAP kinase, p38 MAP kinase, SAPK/JNK and Akt. However, resveratrol did not affect the EGF-induced phosphorylation of p44/p42 MAP kinase or p38 MAP kinase (Figs. 7A and 7B ). In contrast, resveratrol significantly reduced the EGF-induced phosphorylation of SAPK/JNK and Akt (Figs. 7C and 7D) .
Effects of SRT1720 on the EGF-induced phosphorylation of SAPK/JNK or Akt in MC3T3-E1 cells
In order to investigate whether or not the suppressive effect of resveratrol on the EGFstimulated MC3T3-E1 cell migration is mediated through SIRT1, we further examined the effects of SRT1720 on the EGF-induced phosphorylation of SAPK/JNK and Akt. SRT1720 The extracts of cells were subjected to SDS-PAGE with a subsequent Western blot analysis using antibodies against phospho-specific p44/p42 MAP kinase, p44/p42 MAP kinase, phospho-specific p38 MAP kinase, p38 MAP kinase, phospho-specific SAPK/JNK, SAPK/JNK, phospho-specific Akt or Akt. The histogram shows the quantitative representations of the EGF-induced levels from a laser densitometric analysis of these independent experiments. Each value represents the mean ± SEM of triplicate determinations from three independent cell preparations. 
Discussion
In the present study, we demonstrated that resveratrol, a natural polyphenolic flavonoid enriched in red grape and berries, significantly suppressed the EGF-induced migration in osteoblastlike MC3T3-E1 cells. Several effects of resveratrol are known to be exerted through SIRT1 activation [18, 36] . Therefore, we examined whether or not the EGF-stimulated MC3T3-E1 cell migration is affected by SRT1720, a potent activator of SIRT1 [37] , and found that SRT1720 as well as resveratrol markedly reduced the EFG-induced cell migration. Based on our findings, it is most likely that the inhibition by resveratrol of EGF-induced osteoblast-like MC3T3-E1 cell migration is exerted at least in part through SIRT1 activation.
We next investigated the mechanism behind EGF-stimulated migration of osteoblast-like MC3T3-E1 cells and the suppression by resveratrol. Regarding the intracellular signaling in the migration of osteoblasts, it has been shown that parathyroid hormone increases the release of amphiregulin, an EGF receptor ligand, from osteoblastic cells, which binds to the EGF receptor expressed on mesenchymal progenitors to stimulate the p38 MAP kinase and Akt pathways, and subsequently promotes their migration [24] . Among the MAP kinase superfamily, three MAP kinases-p44/p42 MAP kinase, p38 MAP kinase and SAPK/JNK-are recognized to function as central intracellular elements to transduce the diverse messages [27] . In contrast, Rho-kinase reportedly acts as a negative regulator in migration of osteoblasts [38] . In addition, accumulating evidence suggests that p70 S6 kinase is implicated in the migration of several cancer cells [29] . We found that EGF induced the phosphorylation of p44/p42 MAP kinase, p38 MAP kinase, SAPK/JNK, Akt, p70 S6 kinase and MYPT1, a target of Rho-kinase in osteoblast-like MC3T3-E1 cells, certified by densitometry. Therefore, in order to clarify which kinase plays a critical role in the EGF-induced MC3T3-E1 cell migration, we examined the effects of each inhibitor of p44/p42 MAP kinase, p38 MAP kinase, JNK, Akt, p70 S6 kinase and Rho-kinase on the cell migration. We showed that PD98059 [31] , SB203580 [32] , SP600125 [33] and deguelin [34] reduced the EGF-induced phosphorylation of p44/ p42 MAP kinase, p38 MAP kinase, SAPK/JNK and Akt, respectively, certified by densitometry. In contrast, we found that rapamycin [35] and fasudil [30] did not affect the phosphorylation Effects of SRT1720 on the EGF-induced phosphorylation of SAPK/JNK or Akt in MC3T3-E1 cells. The cells were pretreated with various doses of SRT1720 for 60 min, and then stimulated by 50 ng/ml of EGF or vehicle for 10 min (A) or 3 min (B). The extracts of cells were subjected to SDS-PAGE with a subsequent Western blot analysis using antibodies against phospho-specific SAPK/JNK, SAPK/ JNK, phospho-specific Akt or Akt. The histogram shows the quantitative representations of the EGF-induced levels from a laser densitometric analysis of these independent experiments. Each value represents the mean ± SEM of triplicate determinations from three independent cell preparations.
* p<0.05 compared to the value of the control cells without EGF stimulation.
* p<0.05 compared to the value of EGF alone.
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Cellular Physiology and Biochemistry of p70 S6 kinase and MYPT1, respectively. We confirmed that each inhibitor truly functioned in MC3T3-E1 cells under EGF-stimulated conditions. Therefore, our findings suggest that p44/p42 MAP kinase, p38 MAP kinase, SAPK/JNK and Akt function as positive regulators in the EGF-induced migration of osteoblast-like MC3T3-E1 cells. We further investigated the exact mechanism underlying the suppression by resveratrol of EGF-induced osteoblast-like MC3T3-E1 cell migration. Interestingly, resveratrol markedly attenuated the EGF-stimulated phosphorylation of both SAPK/JNK and Akt without affecting the phosphorylation of p44/p42 MAP kinase or p38 MAP kinase, certified by densitometry. Our findings therefore suggest that resveratrol inhibits the EGF-induced migration by suppressing SAPK/JNK and Akt in osteoblast-like MC3T3-E1 cells. Furthermore, we showed that the EGF-stimulated phosphorylation of SAPK/JNK and Akt was significantly suppressed by SRT1720 [37] in addition to resveratrol. Taking together, our findings suggest that resveratrol reduces the EGF-induced migration of osteoblast-like MC3T3-E1 cells through the inhibition of SAPK and Akt, and that the suppressive effect of resveratrol is mediated through SIRT1 activation. To our knowledge, this is the first report showing that resveratrol negatively regulates the migration of osteoblasts. It is generally recognized that the migration of osteoblasts to the bone remodeling sites is crucial for not only physiological bone metabolism but also pathological states such as bone fracture repair and osteoporosis [3] [4] [5] . To adequate migration of osteoblasts is considered to be essential for maintaining both the quality and the quantity of bone mass, which requires organized bone turnover. Given the favorable effects of resveratrol on human health, particularly bone health [17] , it is possible that the suppressive effect of resveratrol on the EGF-induced osteoblast migration induces adequate cell migration for bone remodeling. It has been shown that microRNA-10a plays a suppressive role in the osteogenic differentiation of MC3T3-E1 cells by regulating the b-catenin expression [39] . Thus, it is possible that the modification of Wnt/b-catenin signaling pathway is involved in the mechanism underlying the suppression by resveratrol of EGF-induced migration of osteoblast-like MC3T3-E1 cells shown here. In addition, it has recently been reported that electro-acupuncture promotes the mobilization of endogenous multipotential mesenchymal stem cell, the precursor of osteoblast-lineage, into the peripheral blood [40] . So, it is likely that several approaches such as natural nutrients including resveratrol and physical stimulations like electro-acupuncture provide beneficial effects on the accomplishment of adequate bone metabolism. Further investigations are necessary to elucidate the exact mechanism by which resveratrol affects the EGF-induced migration of osteoblasts.
In conclusion, our results strongly suggest that resveratrol inhibits the EGF-induced migration of osteoblasts via the suppression of SAPK and Akt, and that the inhibitory effect of resveratrol is mediated in part via SIRT1 activation.
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